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Review of the Thermodynamic Properties of Mg(NO,),(aq), and Their Representation
with the Standard and Extended Ion-Interaction (Pitzer) Models at 298.15 K

Joseph A. Rard,* Ananda M. Wijesinghe, and Thomas J. Wolery

Energy and Environment Directorate, L awrence Livermore National Laboratory,
University of California, Livermore, California 94550, U.S.A.

Published thermodynamic data yielding the osmotic coefficients, relative
apparent molar enthalpies, and apparent molar heat capacities of
Mg(NQ,),(aq) have been collected, recalculated consistently, and critically
assessed.  The more reliable of these data have been used to evaluate the
parameters of the standard three-parameter form of Pitzer’s ion-interaction
model to higher molalities than previously available, along with the
parameters of Archer’s four-parameter, extended ion-interaction model, at
298.15 K. Published experimenta thermodynamic data were essentially
represented equally well by these two models, provided that the exponential

coefficient o, of the standard Pitzer model is fixed at the optimum value of o,
= 1.55 kg"%-mol™/? rather than the traditional value of o, = 2.0 kg!2mol ™2,

The use of the standard Pitzer model with this modified o, value is

recommended for Mg(NQ,),(ag). In addition, an empirical equation is given
for the variation of the water activity of a saturated solution with temperature,

from 273.54 to 328.20 K, with Mg(NQ,),-6H,0(s) as the solid phase.

*To whom correspondence should be addressed. E-mail: rard1@lInl.gov (JA.R.);

wijesinghel@linl.gov (A.M.W.); wolery@Ilinl.gov (T.J.W.).




Introduction

Many fluids resulting from the dissolution and processing of spent nuclear reactor fuel
are agueous el ectrolyte solutions with high concentrations of nitrateion. These fluids
include the Savannah River Plant and Hanford Reservation aqueous alkaline tank
wastes.1 Nitrate salts of several of the alkali metals and ammonium nitrate are present in
agricultura runoff and in the effluent from synthesis of conventiona explosives. In
addition, nitrate salts and hydrates of nitric acid are present at high concentrations in
some atmospheric aerosol particles.2 Furthermore, nitrate salts may occur at high
concentrations in brines formed by the evaporative concentration of ground waters and
pore waters from rocks, whose initial nitrate concentrations were low. Thisincludes
waters found at the proposed Y ucca Mountain Site nuclear waste repository.3

Significant concentrations of al of the rare earths from lanthanum through
dysprosium, and also yttrium, occur asfission productsin high level, liquid, nuclear
reactor wastes.I Thermodynamic measurements involving salts of the trivalent rare-earth
ions are also used for the estimation of thermodynamic properties of their corresponding
trivalent actinide analogues. The need for such thermodynamic data was one of the
motivating factors behind the extensive isopiestic measurements for the rare earth
nitrates, R(NO,),(aq), at 298.15 K.4-9

Comprehensive critical evaluations of the thermodynamic properties of two of the
alkali metal and alkaline earth metal nitrates of environmental interest, NaNO,(aq) and
Ca(NO,),(aq), have been published recently.1011 The thermodynamic properties of
NaNO,(aq) were represented10 with an extended form of Pitzer’sion-interaction
model12-14 due to Archer.1516 Archer’s model10 for NaNO,(aq) isvaid over wide
ranges of molality and temperature. An additional ionic-strength-dependent third virial
term was needed for the variable-temperature Ca(NO,) (ag) thermodynamic model,11

because some of the available thermodynamic data being represented were measured at



molalities as high as= 23 mol-kg! (ionic strength =~ 69 mol-kg1), where the ratio of the
number of moles of water to moles of ionsis less than unity.

We are unaware of any recent critical review of the thermodynamic properties of
Mg(NQ,),(ag), which is another electrolyte of environmental interest. The available ion-
interaction models for this system are restricted to the temperature 298.15 K.13.14.17
Pitzer and Mayorga st/ parameters for osmotic and activity coefficients were only
constrained with data for solutions having molalities m < 2.0 mol-kg~1, whereas the
apparent molar enthalpy parameters of Silvester and Pitzerl3 were constrained only for m
< 0.1 mol-kg=t. The upper molality limits for these models are considerably below the
saturation molality of = 5 mol-kg=1 for the thermodynamically stable phase at 298.15 K,
Mg(NQ,),-6H,0(cr), especially for the enthalpy parameters.

We searched the published literature and located nine articles that reported isopiestic
vapor pressure measurements for Mg(NO,) (ag) at 298.15 K,18-26 along with one study
that reported related results at 273.1, and 323.1, K.27 The highest molalities investigated
at 298.15 K in two of these studies!920 extend dightly into the supersaturated molality
region. In addition, several other studies reported the results from direct water vapor
pressure measurements for Mg(NO,),(aq) in the temperature range of 273.54 to 378.7,
K,28-33 and freezing temperature measurements from 247.49 to 273.04 K ,34-37

There are also two published studies that report enthalpies of dilution of Mg(NO,),(aq)
at 298.15 and 288.15 K at low concentrations,38:39 and two determinations of the
enthalpy of solution of Mg(NO,),-6H,0(cr) at 298.15 K.2840 However, the authors of the
only study that reported such results at high molalities?8 calculated enthalpies of dilution
from differences between measured enthalpies of solution. Similarly, heat capacities of
Mg(NO,),(ag) have been reported at 298.15 K.41.42 Although not all of these published
studies are reliable, enough reliable data are available to permit the parameterization of
the standard Pitzer ion-interaction model12-14 at 298.15 K to much higher molalities than

done previoudly, and to evaluate the parameters of the extended ion-interaction model of



Archer.1516 Qur critica analysis of the thermodynamic properties of Mg(NO,),(ag) and

evaluation of the ion-interaction model parameters are described below.

Analysis of Published I sopiestic Data and Direct Vapor Pressure Measurements

| sopiestic vapor pressure measurements have been reported for Mg(NQ,),(aq) at
298.15 K,18-26 gnd at 273.1, and 323.1, K.2” These studies, and other published
thermodynamic studies involving Mg(NO,) (aq) are summarized in Table 1. In thistable
are listed the property that was measured, the investigated molality range, and the
temperature or temperature range of each study.

In an isopiestic experiment, samples of a solution or solutions of interest, with non-
volatile solutes and a single solvent, are allowed to equilibrate with samples of one or
more reference standard(s) by exchanging solvent through a common vapor phase under
isothermal conditions, until all solutions achieve the same water activity. The molalities
of the solutions at isopiestic equilibrium are then measured. These equilibrium molalities
can be used for calculating the osmotic coefficient ¢ of the solution or solutions of
interest using the osmotic coefficient(s) of the reference standard(s) as described briefly
below.

Robinson et al.18 used KCl(aq) as the isopiestic reference standard for all of their
experiments, as did Sadowska and Libus 23 for experiments with Mg(NO,),(ag) moldities
m<2.1154 mol-kg~L. However, Sadowska and Libus also used Mg(ClO,),(ag) as a
reference standard for additional measurements with Mg(NO,),(ag) molalities from m =
(1.2860 to 4.9279) mol-kgt. Kimmel and Wilde?? used NaCl(aq) astheir reference
standard for Mg(NO,),(aqg) solutions having m < 3.0027 mol-kg~1, and CaCl (aq) asthe
reference standard at higher molalities, whereas Biggs et a.19 used CaCl (aq) asthe
reference standard for all of their experiments. Platford?0 made i sopiestic measurements

for five of the six possible, two-solute, common ion, ternary aqueous systems made by



mixing MgCl.(aq), Mg(NO,),(aq), CaCl.(aq), and Ca(NO,),(aq) in various proportions.
Most of Platford’ s isopiestic experiments also included samples of two of the limiting
binary solutions, and the osmotic coefficients of Mg(NO,),(aq) could be calculated from
its equilibrium molalities and from those of the MgCl,(aq), CaCl_(aq), or Ca(NO,),(aq)
solutions that were also present, by letting one of the other binary electrolyte solutions
serve as the reference standard. Todorovic and co-workers24-26 used KNO,(aq) astheir
reference standard.

Chernykh et a.27 did not report the equilibrium molalities of their LiCl(ag) and
H,SO,(aq) isopiestic reference standards, and Y akimov and Guzhavina?! identified
neither the reference standard or standards used nor reported their molalities. In these
two studies the isopiestic results were reported only as derived values of the water
activities or vapor pressures, respectively, as a function of the Mg(NO,),(aq) solution
composition.

The four most commonly used or traditional reference standards for isopiestic
measurements involving agueous electrolyte solutions are NaCl (ag), KCl(ag), H,SO,(aq),
and CaCl (aq).4344 Their osmotic coefficients are well determined from a number of
fairly concordant direct thermodynamic measurements, together with numerous isopiestic
inter-comparisons, with particularly numerous experimental results at 298.15 K .16:45-47

Five other electrolytes, MgCl_(ag), Ca(NO,),(aq), Mg(ClO,),(ag), LiCl(aqg), and
KNO,(ag) were used as non-traditional reference standards in some of the published
isopiestic studies of Mg(NO,),(aq) described three paragraphs above.20.23-27 There are
relatively few thermodynamic studies for KNO,(ag) and Mg(ClO,),(aq) that determine
their osmotic coefficients, and thus we do not believe that they are sufficiently well
characterized at present to serve as isopiestic reference standards. Therefore, we do not
reanalyze isopiestic measurements involving these electrolytes.23-26 Thereisafairly
recent critical review of the thermodynamic properties of Ca(NO,),(aq),1! but the authors

did not discuss the uncertainty of the osmotic coefficients predicted by their model,



which probably have significantly larger uncertainties than those of the four traditional
standards. Furthermore, although the osmotic coefficients of MgCl,(ag) at T = 298.15 K
are fairly well characterized,8 at higher molalities they are based on those of CaCl,(aq),
and thus their uncertainties must be larger than those of CaCl,(aq). Consequently, of
Platford’ s?0 isopiestic measurements, only those with CaCl (aq) as the reference standard
were used here in the ion-interaction model parameter evaluations.

The molality-based or "practical" osmotic coefficients ¢ of Mg(NO,),(aq) were
calculated with the fundamental equation for isopiestic equilibrium, which, for

equilibrations involving only binary electrolyte solutions, is

¢ = vVm*¢*/vm (D)

where m denotes the equilibrium molality of Mg(NO,),(aq), v = 3 its stoichiometric
ionization number, and v*, m*, and ¢* denote the corresponding quantities for the
Isopiestic reference standard. It was not necessary to correct the molalities reported in
the publisned studies for changes in the accepted molar masses of Mg(NO,), and the
reference standards, because such corrections are an order of magnitude smaller than the
typical precision of isopiestic molalities, and because these corrections partially cancel
out when ¢ values are calculated. For example, between 1942 when the first of these
Isopiestic studies was published and the present time, the accepted values for the molar
masses of Mg(NO,), and KCI have decreased by factors of (148.3149 g-mol-1/148.34
g-mol—1) = 0.99983 and (74.551 g-mol-1/74.553 g-mol-1) = 0.99997, respectively.

Vaues of ¢* for NaCl(aq) and KCl(aq) were calculated using the ion-interaction
models and parameters presented in Archer’s recent critical reviews.1645

Rard and Clegg?# critically assessed the available osmotic and activity coefficients of
CaCl,(ag) at 298.15 K, and reported the parameters of the standard form of Pitzer'sion-
interaction model and also for several extended ion-interaction models with higher-order

viria terms. They reported the parameters of one extended model that represents these
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activity data essentially to experimental accuracy over the full composition range from
dilute solution to amolality of 10.77 mol-kg1, including measurements extending well
into the supersaturated molality region. That particular model (their AEPEWHOVT
model) is probably the most accurate one presently available for representing the osmotic
and activity coefficients of CaCl,(aq) at 298.15 K. However, because their model
formally includes CaCl" ion-pairs, the calculation of ¢* valuesis complicated by the need
for iterative calculations of the equilibrium ionic molalities and ionic activity coefficients
at each stoichiometric molality.

Twenty years before the Rard and Clegg review,6 Rard et al .49 reported an empirical
equation representing the osmotic coefficients of CaCl,(aq) at 298.15 K from infinite
dilution to 9 mol-kg, as a function of the stoichiometric molality. Although the
experimental results used to constrain the empirical equation of Rard et a.4° (R.H.C.)
obviously do not include the more recently published thermodynamic data, and thus
osmotic coefficients calculated with their equation are probably less accurate than those
from the equation of Rard and Clegg?# (R.C.), the earlier equation is much easier to use
for calculation of ¢*(CaCl,) values. Values of the ratio of the osmotic coefficient
calculated from the Rard and Clegg AEPEWHOVT equation to the value calculated with
the equation of Rard et al.4? at any fixed molality, ¢*(CaCl,, R.C.)/¢*(CaCl,, R.H.S.),
vary between 1.0072 and 0.9990, and accurate values of thisratio may be estimated by
interpolation. We therefore calculated values of ¢*(CaCl,, R.H.S.) with the equation of
Rard et al.,49 and corrected them graphically to yield values of ¢*(CaCl,, R.C.).

El Guendouzi and Marouani=0 recently reported the results of vapor pressure
measurements for Mg(NQO,),(aq) at 298.15 K, using a hygrometric method developed in
their laboratory. This method involves the equilibrium, through the vapor phase, of a
small droplet of NaCl(aq) or LiCl(aq) standard against a much larger sample of
Mg(NQ,),(aq) or other aqueous electrolyte being investigated. These measurements could

not be reanalyzed to make them consistent with Archer’s thermodynamic evaluation16 for



NaCl(aq) because the authors did not report the molalities of the reference solutions.
Therefore, we accepted their reported ¢ values. Thelir ¢ values are in approximate
agreement with the more consistent i sopiestic results,19.20.22 exhibiting both positive and
negative deviations. However, for solutions with m> 2.5 mol-kg™1, the deviations are A¢
<0.015, but at lower molalities they become as large as A¢ = 0.03. Because of thislow
precision, the hygrometric method results® were not included in the model parameter
evaluations.

Osmotic coefficients were also calculated from directly measured values of the
saturation vapor pressure of the solvent above a solution, p,, and the saturation vapor
pressure of the pure solvent (in this case, water), p,, a exactly the same temperature T.
For a solution of asingle electrolyte in water with amolality of m, and with only water

vapor being present in the vapor phase,44

¢=~m/vm)in ay
~ ~(m/VRT){RTIN( p/ p,) + (B,~V,.)(P,~ P)} @

Here, m, = (1/0.018 015 3 kg-mol-1) = 55.5084 mol kg1 is the molality of water, a, is
the water activity, R = 8.314 51 J-K-1.mol-1 isthe ided gas constant, B, is the second
virial coefficient of H,0(g) at the temperature T for the pressure series expansion form of
the virial expansion, and V,_, isthe partial molar volume of water (assumed to be
incompressible) in the liquid solution. The maximum temperature for which there are
measured saturation water vapor pressures for Mg(NQO,),(aq) is378.0, K (see Table 1). At
and below this temperature, the contributions from the third and higher-order virial
coefficients for H,0(g) are insignificant compared to the experimental measurement
error. Similarly, the effect of the changing water vapor pressure on the activity of the
liquid phase is negligible at these temperatures and pressures. That is, (V,,,/B,) < 0.04
and thus (B,-V,,,) = B,. Also, although B,(p,— p,) issmal compared to RTIn( p/ p,), it



was included in our calculations because this term is comparable in size to the
measurement errors for higher quality vapor pressure measurements. |f the values of B,
andV_, aregiven in units of cm®mol-1, and p, and p, arein units of Pa, then R = 8.314
51 x 10° Pa.cm’mol-1 in consistent units.

Values of B, were calculated using eq (27) of Rard and Platford.44 Hill’s equation of
statedl gives a very accurate representation of the saturation vapor pressures p,, above
H,O(l), and Hill’s equation would be suitable for the calculation of values of ¢ from
directly measured water vapor pressures. However, the water vapor pressures assessed
by Wexler and Greenspan®2 were selected instead, because they were reported for both
the IPTS-48 and | PTS-68 temperature scales. Unfortunately, none of the authors28-
30,3233 of the direct vapor pressure studies for Mg(NO,),(aq) identified which
temperature scale was used for their measurements. We therefore assume that the
temperature scale used was the international temperature scale that was generally
accepted when these studies were published: |PTS-48 by Wexler and Hasegawa?® and by
Mashovets,30 and ITS-27 by Ewing et al.28 |In the temperature range of interest here, the
ITS-27 and | PTS-48 temperature scales are identical .53 Although the studies of
Apelblat32 and by Apelblat and Korin,33 were reported after the I TS-90 temperature scale
was published, they analyzed their results using equations for the vapor pressure of water
that pertain to the ITS-27 and | PTS-68 temperature scales, respectively. Therefore, it is
not clear which temperature scale or scales were used for their measurements.

Equation (2) was also used to calculate values of ¢ from the two isopiestic studies?12?
that reported their results only as derived values of vapor pressures or water activities.

Preliminary comparisons of the recalculated osmotic coefficients of Mg(NO,),(aq) at
298.15 K, derived from isopiestic measurements, were made graphically.18-23 In
general, the ¢ values from the various isopiestic studies are in good agreement, except for
those of Y akimov and Guzhavina,21 which are considerably more scattered and are

generally systematically higher by A¢ =~ 0.02—0.03. Therefore, the Y akimov and



Guzhavina ¢ values were given zero weight in the ion-interaction modé fits, which are
described below. However, the derived ¢ values from the study of Robinson et al.18 are
somewhat scattered below 0.6 mol-kg—1 although they are more precise at higher
molalities. The results of Sadowska and Libus23 are systematically higher by A¢ = 0.01
above 1.0 mol-kg1, and those of Platford20 are higher by A¢~ 0.01-0.02 compared to
those of Biggs et al.19 and Kimmel and Wilde?2 at high molalities. Although there are
some systematic differences among the osmotic coefficients from these isopiestic
studies, 18-20.22.23 the ¢ values from each study overlap with ¢ values from one or more of
the other studies, and no single set is clearly more accurate. Consequently, all of the
more consistent isopiestic results at 298.15 K18-20,22.23 yere given equal weight when
evaluating the parameters of Pitzer's model12.14 and Archer’s extended model.15.16
Osmotic coefficients at temperatures other than 298.15 K are available from isopiestic
measurements?’ and from direct vapor pressure measurements.2830 A graphical
comparison of the ¢ values derived from these three studies was made at 323.15 K,
which istheir only common experimental temperature. Values of ¢ from the studies of
Ewing et a.28 and of Chernykh et al.27 are reasonably consistent within the A¢g = +0.02—
0.05 imprecision typical of their measurements, although some of their ¢ values have
significantly larger deviations. Thisimprecision issignificantly larger than the
imprecision for ¢ observed for the more consistent isopiestic results at 298.15 K.
However, the vapor pressure results from Mashovets et al.%0 yield ¢ values at 323.15 K
that are lower than those from the other two studies?”.28 by A¢~= 0.1-0.2 at the higher
molalities, and are lower by A¢= 0.6 at the lowest molality, which is a significantly large
discrepancy. Ewing et al.28 made a single vapor pressure measurement at 298.15 K for
an unsaturated solution of known molality, which yields an osmotic coefficient of ¢ =
2.452 at 4.870 mol-kg; thisvaueishigher by Ag= 0.1 (4 %) compared to the results
from more consistent isopiestic studies.1920.22 Because of the low precision of vapor

pressures determined in these three studies,2/+28.30 and some significant discrepancies,
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these ¢ values were given zero weight when evaluating the ion-interaction model
parameters.

Several of the published studies reported direct vapor pressure measurements for two-
phase mixtures of presumably saturated solutions in direct contact with a solid phase of
Mg(NO,), xH,0(s),28:29:32.33,53 where the solid phase is not necessarily the equilibrium
hydrate at the temperature of measurement. In three of these studies,29.32.33 references
are given to earlier, less precise, measurements of thistype. The molalities of the
saturated solutions were not determined in these experiments, and thus these molalities
must be taken from some other source if ¢ values are to be calculated. The accuracy of
the derived osmotic coefficients from such measurements, ¢(sat.), is generaly much less
than for values of ¢ determined from isopiestic measurements, and they typically will be
less accurate than values obtained from direct vapor pressure measurements involving
solutions whose molalities have been measured. Factors contributing to these larger
uncertainties are: 1) the usually larger imprecision of direct vapor pressure measurements
compared to isopiestic measurements; 2) the occasionally large variations between the
molalities of saturated solutions, m(sat.), determined in different laboratories for hydrated
salts of the type Mg(NO,),-xH,O(s); and 3), the possibly insufficient duration of contact
between the solid and solution phases which may have been inadequate to produce a
saturated solution after each temperature change.

Of the 29 vapor pressure measurements reported by Ewing et al .28 as a function of
increasing temperature for presumably saturated solutions with Mg(NO,),-6H,O(s) as the
initial solid phase, 8 were made in the ascending branch of the solubility polytherm, and
the remaining 21 experiments were made in the descending branch. Only the
experiments made within the thermodynamically stable temperature regions for

Mg(NQ,),-6H,0(s) and Mg(NO,),-2H,0(s) were further analyzed.
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To avoid introducing uncertainties from different possible choices of values of m(sat.),
apreliminary comparison of the direct vapor pressure results for presumably saturated

solutions?8.29.:32.33 was made using the function derived from eq (2)

m(sat.) p(at.) = ~(m/3)In aw(sat.) 3

Plots of m(sat.)¢(sat.) were made as a function of temperature in order to compare the
consistency of the results from these four studies. Although these comparisons indicate
that the values of m(sat.)¢(sat.) from all four of these studies are not in particularly good
agreement, the results from the studies and Apelblat32 and Apelblat and Korin33 areiin
approximate agreement. However, they are distinctly lower than the results from the
studies of Ewing et al.28 and Wexler and Hasegawa, 29 which are also in approximate
agreement with each other. Furthermore, the values of m(sat.)¢(sat.) calculated from the
measurements of Ewing et a., and of Apleblat and Korin, are more scattered than those
from the other studies.

Vaues of ay(sat.) from the study of Apelblat3? increase with increasing temperature
from 283.95 K to around 290 K, and then regularly decrease with further increasein
temperature. The results of Apelblat and Korin33 show a similar trend but with the
maximum occurring around 295 K. These trends conflict with the a, (sat.) values of
Wexler and Hasegawa?® from (273.54 to 321.25) K, which decrease regularly with
increasing temperature. Because the solubility of Mg(NO,),-6H,0(s) increases regularly
with increasing temperature in thisregion,37 a,,(sat.) is not expected to have a maximum.

A quantitative comparison of the results from these four studies was made at 298.15
K. Ewing et al.28 reported the vapor pressure of a presumably saturated solution of
Mg(NQ,),(aq) in equilibrium with Mg(NQ,),-6H,0(s), from which we calculated ay,(sat.)
= 0.5241. Wexler and Hasegawa?® reported vapor pressures for presumably saturated

solutions at six temperatures, and they interpolated their results to yield values of
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10°( p/ p,) a various selected temperatures on the centigrade temperature scale. Their
results at 298.15 K yield ay(sat.) = 0.534, + 0.006. Similarly, Apelblat32 and Apelblat
and Korin33 reported vapor pressures of such solutions at various temperatures, used
least-squares fits to represent their results as functions of temperature, and reported
derived values of a,(sat.) = 0.552 and ay,(sat.) = 0.546, respectively, at 298.15 K. In
these measurements, most types of experimental error such as the failure to adequately
equilibrate the solution with the solid phase, will yield erroneoudy high values of
aw(sat.), rather than low values. In addition, Stokes and Robinson>* measured a (sat.) =
0.5286 at 298.15 K using the isopiestic method, with H,SO,(aq) as the reference
standard. Thisvalue®* is essentially mid way between values of a (sat.) from the studies
of Ewing et a.?® and of Wexler and Hasegawa.®® However, we have dightly less
confidence in the results from Ewing et al.?® because of the lower precision of that study,
and we believe the values of a (sat.) from the experiments of Wexler and Hasegawa?®
and of Stokes and Robinson™ to be the most reliable for Mg(NO,)(ag). On the basis of
these comparisons, we accept the results from the studies of Ewing et al.,?® Wexler and
Hasegawa,?® and Stokes and Robinson,> but we reject the experimental vapor pressures
of Apelbla® and Apelblat and Korin® as being erroneously too high.

Ewing et a.?8 also reported vapor pressures for presumably saturated solutions of
Mg(NQO,),(aq), with Mg(NQ,),-2H,O(s) as the solid phase, for the temperature range of
(328.15 t0 358.20) K. The derived values of the water activity, ay(sat.) = 0.037 = 0.001,
are both unexpectedly low and independent of temperature within the precision of the
measurements. Because the solubility varies significantly over this temperature interval,”
the constancy of ay(sat.) is certainly not expected. In the absence of an independent
study to confirm these rather unusual values of a,(sat.), we do not consider these result
any further.

Ha and Chan®° reported the results from electrodynamic balance measurements at

ambient temperature for Mg(NO,),(ag) and several other aqueous salts and mixtures.
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They reported an average ambient temperature of (294.9, + 0.2) K for their Mg(NO,) (aq)
experiments. Electrodynamic balance measurements involve the determination of the
mass-to-charge ratio of a microscopic, electrically charged, liquid solution particle that is
levitated between a pair of parabolic electrodes, by adjusting the electrical field until the
electrical and gravitational forces balance exactly. A series of vapor pressure
measurements are made with each particle, in which the relative humidity experienced by
that suspended particle is varied and controlled externally. Because the initial solid
particle may have been hydrated to some unknown degree rather than being anhydrous,
and because its dry mass is unknown, the molalities of the liquid particles are not
obtained directly. Rather, these molalities are obtained by normalizing the composition-
water activity scale to agree with some previous measurements in the overlapping
molality region. The reported®® electrodynamic balance measurements for Mg(NO,) (aq)
were normalized to make their water activities agree with the smoothed isopiestic results
tabulated by Robinson and Stokes® at 298.15 K, and thus they do not yield independent
values of the water activities. We did not reanalyze these electrodynamic balance results,

but note that they extend nearly 3 mol-kg—1 into the supersaturated molality region.

Analysis of Published Freezing Temperature L owering M easurements

Datafor the lowering of the freezing temperature of ice in contact with Mg(NQO,),(aq)
solutions of different molalities have been reported in several studies. Rivett36 and
Ewing et a.37 reported the compositions of their solutions in units of mass-% of
Mg(NO,),, and Jones and Stine3° reported the “weights’ of Mg(NO,), and H,0 used to
prepare their solutions. We converted these reported compositions to molalities using the
currently accepted molar mass of 148.3148 g-mol-1 for Mg(NO,),. In contrast, Jones and
Pearce3* reported their solution compositions in the volumetric concentration units of

mol-L-1, along with their “specific gravities’ (i.e., densities relative to that of water),

14



both at 293.15 K, and these concentrations were also converted by us to molalities.
Timmermans®’ tabulated freezing temperature depressions from several other studies,
including studies published in 1872 and 1899. Because the reported freezing temperature
depressionsin these studies are of inadequate precision, they were not analyzed in the
present investigation.

The results from four studies®*-37 were compared graphically using the function
{(273.15 K —T,)/m}, plotted against the solution molality m, where T, is the observed
freezing temperature. The values of {(273.15 K —T,)/m} calculated from the results
reported by Rivett36 are very precise and increase smoothly with increasing molality. In
contrast, values of {(273.15 K — T,)/m} calculated from the study of Jones and Pearce,34
exhibit aminimum around m= 0.15 mol-kg1. Vauesof {(273.15 K —T,)/m} from the
study of Jones and Stine3> have a dependence on molality similar to those from the study
of Jones and Pearce;34 thisis to be expected for measurements from the same laboratory,
but the results from these two studies are displaced by about 2 %. Although above m=~
0.15 mol -kg1 the values of {(273.15 K — T,)/m} of Jones and Stine show atrend parallel
to the results of Rivett, those from Jones and Pearce’ s study are 4-5 % higher. Vaues of
{(273.15K —T,)/m} calculated from the results reported by Ewing et al.37 at their two
lowest molalities disagree considerably by = —25 % to = + 30 %, and they are both
skewed and lower at their higher molalities relative to those from the other three studies.
Therefore, the results from the study of Ewing et al.37 were regjected. In the absence of
adequate calorimetric information, the freezing temperature depression results from the
other three studies3*-36 cannot be compared for consistency with the accurate isopiestic
results at 298.15 K. Consequently, we do not include the freezing temperature

depression results when evaluating the ion-interaction model parameters.
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Analysis of Published Enthalpies of Dilution and Heat Capacities

Enthalpies of dilution AgiHm of Mg(NQ,),(aq) have been reported at temperatures of

298.15 and 288.15 K .38:39 These enthalpies of dilution are differences between the

relative apparent molar enthalpies L, of the final and initial solutions, whose molalities

are denoted by my and my, respectively. They are given by the relation

AditHm = Lg(mg) — L 4(my) (4)

Vaues of AgjiHm could aso be derived for Mg(NQ,),(aq) from differences between
enthalpies of solution AgyHpy measured for Mg(NQ,),-6H,0(cr)28:40 and other hydrates?®
inwater at T = 298.15 K to yield solutions with two different final molalities, denoted
here by my and my:

AditHm = AsolHm(mMg) — AsolHm(my)
= Lg(mp) — Ly(m) ®)

Ewing, et a.28 reported that they combined their enthal py of solution measurements
with the Agi|Hm reported by Lange and Streeck38 at low concentrations to yield L4 vaues,

but they did not report their experimental AgHm values. Although Milonjic et al .40
reported the results of enthalpy of solution measurements with ten different final solution
molalities, the precision of their measurementsis not sufficient to derive meaningful
values of AgiiHm Unfortunately, the average value of the enthalpy of solution of
Mg(NQ,),-6H,0(cr) to form an infinitely dilute solution at 298.15 K reported by Ewing et
al.,?8 AggHm® = (18.150 £ 0.010) kJ-mol-1, and the values of AgHy® = (15.7 and 16.0)
kJ-mol-1 (depending on the method of extrapolation) reported by Milonjic et al.,*0 are

only in rough agreement, indicating that at least one of these two studies is not accurate.

Apelblat32 and Apelblat and Korin,33 reported values of AgyHp(sat.) = 26.1 kJ-mol-1 and
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AsolHm(sat.) = 26.5 kdmol-1, respectively, for the dissolution of Mg(NO,),-6H,0(cr) to
form its saturation solution at 298.15 K, that are based on the variation of the saturated
solution molality and osmotic coefficient with temperature. However, these values
cannot be compared directly to the AgyHmy’ values at infinite dilution because L g(sat.) is
not available.

Mashovets et al.30 measured the water vapor pressures of m = (1.22 to 9.93) mol-kg2
Mg(NQ,),(aq) solutions at temperatures of (363.15, 368.15, and 373.15) K, and used

these results to calculate values of the relative partial molar enthalpy of water, L_, at

ma?
these three temperatures. However, because of low precision and systematic errorsin
their measurements, as described above, these derived L, values are probably inaccurate.
The reported values?8:38:39 of Ag;Hm or L, were recalculated for consistency using the
current value for the molar mass of Mg(NQ,),, to account for differences between
international and absolute joules,28 and were converted from calories to joules,38:39 as
necessary, using the energy unit conversion factors given by Rossini.>8 Thefirst two of
these corrections are very small compared to the imprecision of the measurements.
Experimenta heat capacities of aqueous solutions measured with “batch” calorimetry,

which are commonly reported as the heat capacity per gram of solution, ¢ , are related to

the apparent molar heat capacity of the solute, C,, by

C,,= Mg, + (c,,—¢,,)(10° gkgl)/m (6)

where ¢, isthe heat capacity of the solvent (water). Here ¢ and ¢, are given in units of
JK-1.g-1 and M isthe molar mass of the solute given in units of g-mol-1. Heat
capacities from measurements using flow calorimetry are generally reported as
volumetric heat capacities o, and o, where o, = ¢, o, and o, = ¢ ,p0,, ad where p_and p,
are the densities of the solution and of water, respectively. The flow calorimetry

measurements of Spitzer et al.42 cover the range m = (0.03774 to 0.2455) mol-kg,
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whereas the “batch calorimetry” results of Drakin et al.#1 cover the larger range m=

(0.215 to 2.921) mol kg1, with both studies performed at 298.15 K. Unfortunately, the
duplicate values of C,, derived from the measurements of Drakin et .41 at their lowest
molality m=0.215 mol-kg differ by 34 3 K-1.mol-1, and their replicate measurements
at their highest molality m=2.921 mol kg1 are~ 20 J-K-1.mol—1 more positive than
obtained by extrapolation from their measurements at the five intermediate molalities.
Furthermore, extrapolation of a smooth curve drawn through the more consistent C_,
from the Drakin et al. measurements at the five intermediate molalities yields results that
lieon acurvethat is paralé to, but is displaced by = 20 J-K-1.mol-1, from the
experimental results of Spitzer et al.42 The C_, values of Spitzer et a. are much more

precise and probably more accurate, but they are limited to m< 0.2455 mol-kg1.

Equationsfor the Analysis of Thermodynamic Results Using the Standard (Pitzer)

and Extended (Archer) lon-Interaction Models

We represent the available thermodynamic information for Mg(NO,),(aq) using the
standard version of Pitzer’s ion-interaction model,12-14 and also with the extended ion-
interaction model of Archerl5.16 that uses an ionic-strength dependent third virial
coefficient. The relevant equations are given below. We use a superscript of either “P”
for Pitzer or “A” for Archer for the various thermodynamic quantities and ion-interaction
parameter symbols of these equations, since the evaluated parameters will generally have
different numerical values for these two model variants.

Pitzer's original ion-interaction model equation2.14 may be written in the following

genera form for the molality-based osmotic coefficient ¢ of a binary solution of a strong

electrolyte of stoichiometry M, X .
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& = 1—[z,2JAl V2L + BIY?) + @y, v m{ 573 + S5 exp—ay 1Y)} +

{2y, n) WM Gy (7)

where M denotes the cation and X the anion; mis the stoichiometric molality; b = 1.2
kg"/2-mol2 independent of temperature and pressure; A is the Debye-Hiickel limiting
law slope for ¢; | isthe stoichiometric, molality-based, ionic strength; z, and z_ are the
valences of ionsM and X; v, and v, are the number of M and X ions formed by

compl ete dissociation of one molecule of the solute; and v = v, + v, isthe total or
stoichiometric ionization number of the electrolyte. The exponential coefficient o, is

usually fixed at o, = 2.0 kg¥2mol™2, independent of both temperature and pressure, for

strong and nearly strong electrolytes.14 The quantitiesfy,y , S’y » and Cey’ areion-

interaction parameters to be evaluated using experimental data. For this model, the mean

activity coefficient j4 of the solute is given by
In 1" = 7,2 JAe{1V2/(1 + bIV?) + (2/0)In(1 + bIV2)} + (2v, v/ VYM[257T +

2{ 210, 23{1 — (1 + o ) Y? — 0 2/2)exp(—o, 1Y)} ] +

{3(1, )M mCyy (8)

Archer1516 described an extension of Pitzer's model for ¢ of abinary electrolyte

solution that may be written in the following general form:
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¢ = 1= 2,z A 1A+ bIV%) + @y wivm{ 57 + B exp(-o, 1 P2} +
(4, vz, VM{ COP + i exp(-w,1Y2)} 9)

where most of the symbols are the same as defined above, but with the notation being

closer to that of Clegg et al.47 rather than to that of Archer.1516 Aswith the usual form
of Pitzer's model, o, = 2.0 kg2mol™/2 for most electrolytes, and ®, = 2.5 kg!/2:mol /2

is commonly used for strong electrolytes.164647 However, for 2:2 charge-type

electrolytes, smaller values of o, = 1.4 kg“>mol™? and o, ~ 1 kg>mol™? have been

used.>960 For the Archer model, the mean activity coefficient y of the soluteis given by

In 31 = 2,26l 1V4(1 + bIY2) + (2/b)In(L + bIY2)} + (2w, v/VM2507 +
2{ 510 21— (1 + o ) Y2 — o, 2/2)exp(—o, 1 Y2} ] +
2, vz, /VMR3CHR + 4{ CiR I 412 {6 — (6 + 6w, 1 V2 +

30,2 + 03132 — 0, 42/2)exp(-w,1 )} ] 10

The corresponding standard Pitzer model expression for the relative apparent molar

enthalpy Ly is:.
L, = viz,zJAnIn(1 + bIY3)/(2b) — 2v, w, RT(MBS + M2y, z,Chy (11)

where Ay is the Debye-Huickel limiting law slope for enthalpy. The BjY termin this

expression is defined by
2 = @LORI0T)p + 200 A5 210T)p{ 1 — (1 + o1 VP exp(—or, 1Y)} (0, 21) (12)

and the Cy term by
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Cux = (@Cyy 16T)pl(2z,2") (13)

Similarly, for Archer’s extended ion-interaction model,

L = viz,zJAnIn(L + bIY3)/(2b) — 2y, uRT2(MB3 + mey,z, Cie (14)
N = (0B8R 10T)p + 200 SR 16T)p{ 1 — (1 + a1 YD) exp(—o 1Y)} /(01,21 (15)

CH) = (0CHR 10T)p + HOCHR 10T)p{ 6 — (6 + 60,12 + 3w, 4 +
3,3/2 12
o, ") exp(—o, 1)} (w,41?) (16)

The corresponding equations for the apparent molar heat capacity are

CT, = C°, +z,zJAdn(L + bI¥3)/(2b) — 2v, v, RTAMESY + mev,z,CSP)  (17)

and
Cr, =C2, +vz,zIAcIn(L + bIY3)/(2b) — 2v, v RTAMBTY + m2v,z,CY)  (18)

(C, P) (C, A)

The expressions for and are essentialy identical (except for the superscripts)

for the two forms of the ion-interaction model

0 = (@B 1T + (ATY@ LD 18T)p + 2{ (8 A4 R 10T +
@M)@Y R 1T ol 1~ (1 + o | VA exp(—or, 1 Y2} /(0 21) (19)

O = (@RI + @ITOAS R 1T)p + 2A{ (@R IoTYp +
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@ME@LYR 10T} pf 1 — (1 + o 1 ") exp(—o, 1Y)} /(01,21) (20)

However, the corresponding equations for Cry’ and C\ are quite different,

Cix ={(@°Cy 10T )p + (2T)(@Cyx 1oT)pH(21z,2) (21)

Cux = (@Cy1eT)p + (2AT)(6Cy 16T)p + H (E°Cyy 10T )p +
2/T)(=C4R /2T)pH6 - (6 + 60>, 1% + 30,°1 + 0313 2)exp(-0, 1Y)}/ (0,412)

(22)

The usual three-parameter equations of Pitzer's standard model12-14 may be recovered
from egs (9), (10), (14)—(16), (18), (20), and (22) by setting C\y’ and itsfirst and
second temperature derivatives equal to zero, along with using the relation Ch(f’;f) =
27, (v v )P CR.

Values of the Debye-Hckel limiting law slope Ay, and its temperature derivatives Ay
and Ac, were calculated using the Chebychev series of Clegg et al.,4” which is based on
the critical evaluation of the relative permittivity (dielectric constant) of water by Archer

and Wang,51 together with Hill's equation of state for water.>1

Evaluation of the Parameters of the Standard Pitzer Model and the Archer

Model

The model parameters of the standard Pitzer and Archer models at the fixed
temperature of 298.15 K were determined using the available osmotic coefficient,
enthalpy of dilution, and apparent molar heat capacity property data setslisted in Table
1, by aleast-squares error minimization procedure that can be applied simultaneously to

all selected data sets of these types. The combined error measure that was minimized was
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defined as the average over all data sets of the weighted sum of the average square error
for each data set. Relative property weights were assigned to the individual data sets for
each type of thermodynamic property, and these weights are given in Table 1. The
average square error for each data set was calculated from the difference between the
fitted and measured values at each data point. In addition, an internal weight was applied
to each data point of each data set. In thisway, we could exclude individual erroneous
data points (outliers) by setting their corresponding data-point weights to zero, along
with excluding an entire set of erroneous data set by setting it’s data-set weight equal to
zero.

This error measure was minimized analytically in the standard way by setting its first
derivative with respect to each unknown parameter equal to zero. Thisyielded alinear
matrix equation for the unknown parameters that was programmed and solved within a
Microsoft Excel spreadsheet using only in-cell formulae. Subsequently, the desired error
statistics were evaluated for each set of fitted parameters.

As seen from the model equations given previoudly, egs (7) through (22), the osmotic
coefficient is afunction of the standard Pitzer or the Archer model parameters at the
temperature of interest. In contrast, the enthalpy of dilution depends on the first
temperature derivatives of these model parameters, whereas the apparent molar heat
capacity depends on both their first and second derivatives at the temperature of interest.
If the osmotic coefficients are known as a function of temperature, then obvioudy, the
first and second temperature derivatives of the model parameters must be consistent with
this known temperature variation. However, for Mg(NO,),(aq), reliable values of the
osmotic coefficients are only available at 298.15 K. Consequently, the fitting to obtain

the standard Pitzer and Archer model parameters from osmotic coefficient datais
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independent of the fitting to obtain the first temperature derivative from the enthal py of
dilution, and also from the fitting to obtain the first and second temperature derivatives
from apparent molar heat capacity data. The latter two fits, however, are coupled to one
another through the first temperature derivative, and their values are influenced by the
relative (property) weights assigned the two types of data. Exploratory calculations
showed that using arelative weighting of unity for the latter two types of data sets was
satisfactory. Therefore, because the osmotic coefficient fits were uncoupled from the
enthalpy of dilution and apparent molar heat capacity fits, the data set property weights
for all included data sets of all types were set equal to unity.

Osmotic Coefficient Model Parameter Evaluations. Figure 1 isaplot of the osmotic

coefficients of Mg(NO,),(aq) at T = 298.15 K as a function of the molality. Theinitial
fits were done using the commonly accepted value of o, = 2.0 kg” 2.mol2 for both
Pitzer and Archer models, egs (7) and (9), and , = 2.5 kg!2:mol ™2 for Archer’s mode,
as described above. The root mean square deviations for ¢ are o, (¢, Pitzer) = 0.008 30
and o, (¢, Archer) = 0.003 76. However, there are significant systematic deviations
between experimental and model values, Ag, for the standard Pitzer moddl fit, typically
amounting to A¢ = —0.01 to —-0.02 for m< 1.0 mol kg1, A¢ = +0.01 to +0.02 for 0.5
mol-kg~1 < m< 2.1 mol kg, with the systematic deviations ranging between about A¢ =
+0.02 and -0.02 at higher moldlities. Fixing o, = 2.0 kg”%mol™/? and choosing the
value of o, that yielded the second (deepest) minimum for o, (¢, Archer) givesw, =2.0
kgY?-mol~Y2 with &_(Archer) = 0.003 50. The Archer model gives a significantly better
representation of the experimental ¢ data than the standard Pitzer model at this value of
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o,. Also, see the further comments about the optimization of w, given three paragraphs

below, where the presence of three minimafor o, (¢, Archer) asafunction of o, is

discussed.

A commonly used approach to improve the quality of representation of experimental
data with Pitzer model fitsis to add additional ion-interaction model parameters. Filippov
et al.52 represented a subset of the available osmotic coefficients for Mg(NO,),(aq) at

298.15 K (one experimental set of isopiestic ¢ values,23 and smoothed values of ¢ from

two older reviews published in 1968 and 1979) using aform of Pitzer's standard model

that includesthe g®? parameter. The p*? parameter isrelated to an association

M, M,

constant, and was used by Pitzer4 only for higher-valence associated electrolytes that
undergo association at low molalities followed by re-dissociation at higher molalities.

Although the quality of the representation obtained by Fillipov for Mg(NO,),(aq) isfairly

good, their resulting parameter valueis 5@? = 0.30453 kg-mol™. Asnoted by Pitzer,14

p&? should have anegative value if it really represents ionic association, and thus the
obtained positive value implies that the improved representation is smply due to the
inclusion of afourth parameter, rather than being the result of using a more realistic
physicochemical model.

Pitzer recommended using a smaller value of the exponential coefficient, o, = 1.4

kgY2:mol~2, for divalent metal sulfates and other 2:2 charge type electrolytes that
undergo some ionic association at low molalities,14 and similarly Oakes et al.63 found

-1/2

that using o, = 1.5 kg“>-mol™/2 gave a better representation than o, = 2.0 kg"2mol™/2

for the 3:1 electrolyte NdCl (ag). Therefore, we optimized the fits for the standard Pitzer
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model with respect to o, and found that o, = 1.55 kg"/2:mol /2 yielded the minimum

root mean square error with o_ (¢, Pitzer) = 0.003 57, as shown in Figure 2a.
Furthermore, as seen in Figure 3, the pattern of residuals of ¢(experimental) — ¢(model)

is essentially completely random below | = 9 mol-kg-1 and very nearly random at higher
ionic strengths.

We similarly optimized the exponential coefficients w, of Archer’s model, eq (9), at
various values of o, in the range o, = (1.2-2.0) kg"2mol™2. Vaues of o, (¢, Archer)
asafunction of m, at various fixed values of o, are plotted in Figure 2b. At the mgjority

of selected vaues of o, o, (¢4, Archer) exhibits three minima as afunction of w,, with

the second minimum generally being lower than the first. The first minimum occurs at

o, = (0.5-1) kg"2:mol 2, the second minimum typically occurs at ®, = (2-3) kg”%mol~
Y2, and the third minimum at o, ~ 5.0 kg”>mol™/2, However, when o,, = 1.55
kg"/2-molY2 (the optimal value for the standard Pitzer model) and o, = 3.5 kg"/%-mol /2
(the optimal Archer fit with this o, vaue), the minima are much shallower than for the
comparable fits with other values of o,.

Figure 2c gives an expanded plot of o, (¢, Archer) vs. o, when o, = 1.55
kg¥2:mol™2, and Figure 2d shows the variation of o, (¢, Archer) with respect to o,
while o, isfixed at its optimal value of w, = 3.5 kg2mol ™2, For these fits with the
standard Pitzer and Archer models, while fixing o, = 1.55 kg“>mol™'2, &, (g, Archer) —

o,.(¢, Pitzer) <8-10”. Thus allowing the ionic-interaction C,, , term to have a
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dependence on ionic strength yields only a negligible improvement over the standard
Pitzer model. That is, the standard Pitzer model and the Archer model give nearly

identical and optimal quality of representation for Mg(NO,),(aq) osmotic coefficients at

298.15 K when o, = 1.55 kg"2mol™/2, Fits of good and nearly equivaent quality were

obtained with Archer’s model with all investigated values of o, although the best

-1/2

agreement occurs when o, = 1.55 kg!2.mol™/2 and ®, = 3.5 kg¥/?:mol ™2 with nearly

equal valuesof g, (¢, Archer) and o, (¢, Pitzer). Therefore, the use of the simpler

three-parameter Pitzer model with o, = 1.55 kg”?:mol™/? is recommended for this

system at this temperature. We note that these optimal values of o, and o, were

evaluated only at 298.15 K, and it isnot clear if they will be adequate to represent higher
temperature measurements once they become available.

Table 2 lists the evaluated parameters for Mg(NO,),(ag) at 298.15 K, both for the
standard Pitzer ion-interaction model,14 and for Archer’s extended model 1516

Enthalpy and Heat Capacity Model Parameter Evaluations. For the determination of
the enthal py and heat capacity parameters of the standard Pitzer and Archer’s model, the

exponential coefficients were fixed at the recommended optimal values found for the

osmotic coefficient models, o, = 1.55 kg“>mol™2 and o, = 3.5 kg"2mol™/2, and they

were held fixed. Initially, both the lower molality enthalpies of dilution of Lange and
Streeck,38 and the higher moldlity relative apparent molar enthalpies of Ewing et al.,28
were included in the evaluation of the parameters of eq (11) through (16). However,
when both data sets were given equal weight in these fits, the less precise results of

Ewing et al. were represented reasonably well, whereas there were significant systematic
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deviations from the more precise results of Lange and Streeck. Increasing the weight
given to the data of Lange and Streeck and re-evaluating the model parameters reduced
the size of the systematic deviations between the model and their data, but the
representation of the Ewing et al. data became poorer.

The origin of this difficulty can be seen from Figure 4. Ewing et al.28 reported that
they measured the enthalpies of solution of Mg(NQ,), hydratesin water at T = 298.15 K,
and used the enthalpies of dilution from Lange’s laboratory to extrapolate their resultsto
infinite dilution to extract their reported values of Lg(m). As can be clearly seen from
Figure 4, the L 4(m) values from Ewing et al. are very scattered below m= 1.4 mol-kg.
There also is a gap between the lowest molaity studied by Ewing et a. (m> 0.474
mol-kg~1) and the highest molality studied by Lange and Streeck3® (m< 0.11007 mol-kg~
1), and it is not clear if the data from these two studies are consistent. Unfortunately,
Ewing et al. did not report their actual experimental results, so it is not possible to refine
their derived results, and consequently their reported L 4(m) values were rejected as being
unreliable.

Similar problems were encountered while trying to represent the apparent molar heat
capacities of Spitzer et al.42 as determined by flow microcalorimetry, and the results of
Drakin et al.# as determined by “batch calorimetry”. As can be seen from Figure 5,
these two sets of values disagree by ~20 J-K-1-mol-1 on the average, with the Drakin et
al. results being much less precise and probably less accurate. Consequently, the Drakin
et al. results were rejected as being unreliable.

Equations (17) and (18) also contain an additional term, the standard partial molar

heat capacity of Mg(NO,),(ag) at infinite dilution, C_,. Initially, we allowed its values to
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be determined as additional parameters, which resulted in C; » ~—159.0 J-K-mol-* for

both the Pitzer and Archer models. Thisvaueisvery close to the sum of theionic

standard partial molar hear capacities listed in Table Il of Crissand Millero,64 C), =—

158.74 J-K-mol-1, which is a“best value’ based on use of data for several different
magnesium salts and nitrate salts. We then reduced the number of model parameters by

fixing C; , =-158.74 JK-mol-1, and evaluated the first and second temperature

derivativesreported in Table 2. As anticipated from the fits to osmotic coefficients
described above, and because of the more restricted molality ranges for the useable

(1,A) (1,A)

enthalpy and heat capacity data, including the (6C,;3’ /6T)p and (6°C,, 16T)p terms

yielded only minor improvements in the representation of the relative apparent molar
enthal pies and apparent molar heat capacities, and therefore use of the standard Pitzer
model with the parameters of Table 2 is recommended.

Rard and Wijesinghe5> described a method for directly converting the parameters of
Archer’s model, and of an extended form of Archer’s model, to those of the standard
Pitzer model. They then applied this conversion methodology to severa test systems,
including Ca(NO,),(aq). Because the available thermodynamic data for Ca(NO,),(aq)
extend to very high ionic strengths, a five parameter extended Pitzer model11 was
required to adequately represent these results. When the five parameter model was

converted to the three parameter standard Pitzer model,%° using the traditional value o, =

2.0 kg¥2-mol 2, there was a significant decline in the accuracy of the representation of
the source data. In view of the significant improvement observed in this study for the
accuracy of representation of the osmotic coefficients of Mg(NQ,),(aq) with Pitzer's

standard model when asmaller (optimum) value of o, was selected instead, we believe
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it islikely that a similar improvement could be obtained for Ca(NO,),(aq) if the
parameter conversions described by Rard and Wijesingheb> were repeated using a smaller

o, value. We plan to examine this possibility in a future publication.

Evaluation of the Thermodynamic Solubility Product for Mg(NO,),-6H,0(s)

The isopiestic data used for evaluation of the parameters of Pitzer's model extend to
5.123 mol -kg1; this molality is near to and probably slightly exceeds the equilibrium
solubility of Mg(NO,),-6H,0(s) at 298.15 K. Thus egs (7) and (8), together with the
evaluated parameters of Table 2, may be used for calculation of the thermodynamic
solubility product provided areliable value of the molality of the saturated solution
m(sat.) is available. The reaction describing the equilibrium between Mg(NQ,),-6H,0(s)

and its saturated solution is

Mg(NO,),-6H,0(s) = Mg*(aqg) + 2NO, (aqg) + 6H,0(1) (23)

The thermodynamic solubility product is thus given by

K,=m(Mg", sat.)m(NO,, sat.)*AMg”, sat.)YNO,, sat.)’a (sat.)’
= 4m(sat.)*yx(sat.)’a, (sat.)’ (24)

Linkeb6 recommended a value of 42.1 mass-% for the solubility of Mg(NO,),-6H,0(s)
at 298.15 K based on “closely agreeing results’ from two concordant studies, which
corresponds to m(sat.) = 4.902, mol-kg-1. However, a careful examination of Linke's
recommended results at various temperatures indicates that only the solubilities at higher
and lower temperatures are compromise values from the two studies, whereas from

(274.15t0 358.15) K the recommended results were taken solely from a single study.
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At 298.15 K, the other “closely agreeing” study3’ reported a solubility of 42.5 mass-%,

which yields m(sat.) = 4.983, mol-kg1. Linke also cited other solubility determinations
that yield m(sat.) = (5.064 and 5.684) mol-kg1. The last value is presumably an outlier,
but the other three values show considerable variation between studies. Filippov et a.62
reported m(sat.) = 5.020 mol -kg.

As discussed above, we assessed the water activity of a saturated solution in
equilibrium with Mg(NQO,),-6H,0(s) as faling in the range ay(sat.) = 0.524-0.534 at
298.15 K, based on measurements of the vapor pressures of saturated solutions of
unknown molalities.28:2954 Equation (7) and the recommended Pitzer model parameters
yield values of a,(sat.) in thisrange provided that we assume that m(sat.) = (4.93 to 5.02)
mol-kg~1. The only solubility values cited in the previous paragraph that fall in this range
are m(sat.) = 4.983, mol kg1 from the determination by Ewing et al.37 and m(sat.) =
5.020 mol-kg1 from Fillipov et al.62 Although these values of m(sat.) may be the best
choice from the viewpoint of thermodynamic consistency among the various types of
thermodynamic measurements, clearly the available information is not adequate to make
an unambiguous selection.

For the want of a definitive value, we provisionally accept the average of the four
values cited two paragraphs above while excluding the outlying value, m(sat.) = (4.9925
+ 0.1341) mol kg1, where this uncertainty is the 95 % confidence limit. The Pitzer
model parameters of Table 2 then yield a,(sat.) = 0.527 68, y(sat.) = 4.6257, and
therefore K_ = 1064 at 298.15 K. The calculated value of a (sat.) falls within the range
assessed for saturated solutions, agreeing best with the experimental results of Stokes and
Robinson,>* a,,(sat.) = 0.5286, and agreeing with results of Wexler and Hasegawa?® to
nearly within their reported uncertainty limits: ay(sat.) = 0.534, + 0.006. No uncertainty
is assigned to our derived value of K_because of the large uncertainty for the selected

value of m(sat.), but it isin the range of 10 to 15 %.
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Representation of the Water Activities of Saturated Solutionswith Temperature-

Dependent Functions

We represented the more reliable of the critically-assessed water activities of saturated

solutions,28.29.54 g (sat.), with the following reference-temperature centered expression

a,(sat) =a +a(T-T)+a(T-T) +a(T-T)’ (25)

where the reference temperature was chosen to be T. = 298.15 K, 273.54 K < T <328.20
K, and with Mg(NO,),-6H,0(s) as the solid phase. Figure 8 isa plot of the variation of
a,(sat.) with temperature. The resulting least-squares fitted parameters are: a, = 0.53090,
a,=-0.19398 K™, a, = 6.3999-10" K™, and g, = —7.1368:10" K™ with ¢,_(a (sat.)) =
0.0066. These parametersyield a (sat.) = 0.5309 + 0.0066 at 298.15 K, which agrees
well with our assessment given above. The coefficients eq (25) were obtained by fitting
them to the relevant a, (sat.) data in an independent least squares error minimization, that

was implemented within the same Microsoft Excel spreadsheet described above.

Suggestionsfor futureresearch

The survey and critical analysis of the published thermodynamic data for
Mg(NQ,),(aq) given in the present paper indicates that its thermodynamic
characterization at temperatures other than 298.15 K, is quite inadequate. Measurements
of the isopiestic molalities, enthalpies of dilution, and heat capacities at higher and lower
temperatures are necessary to improve this characterization. Although three isopiestic
chambers are available at Lawrence Livermore National Laboratory,6” these chambers
and their associated thermostatically-controlled water bath were designed for use around
298.15 K, and are not suitable for measurements at significantly higher or lower

temperatures. Even at 298.15 K, more extensive and precise enthalpy of dilution, heat
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capacity and solubility measurements from low molalities to saturation are needed to
supplement the present incomplete data. We hope that some readers of this paper will

perform these needed measurements.
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Table1. Summary in Chronological Order (by Property) of Available Activity and

Calorimetric Resultsfor Mg(NO,),(aq) at Various Temperatures

Molality Range T/K

(mol-kg™?)

No. of

Points

Property2 Relative Reference

WeightP

0.1322-2.197  298.15
m(sat.)c 298.15
1.502-5.123  298.15
0.5345-5.0710 298.15
0572-3.701  298.15
0.2567-4.8836 298.15
0.09284-4.9297 298.15
0.5553-0.9982 298.15
0.4055-1.0504 298.15
0.2243-0.6807 298.15

0.90-5.46 273.1,, 323.1,
0.1-5.0 298.15
0.8718-5.893  293.15-343.15
m(sat.)c 293.15-362.91
m(sat.)c 273.54-321.25
1.22-9.93 313.1-378.7,
m(sat.)c 283.95-311.29
m(sat.)c 277.56-322.25
47327848  =294.9,

0.020-1.042 266.64-273.04
0.1509-0.7743 268.76-272.40
0.0806-0.7650 269.00-272.77

24 ¢ (isopiestic) 1

1
11
8
14
26
49
10
10
9
23
14
53
36d
6
48
12
19
38
7
7
8

0.034-3.038 247.49-272.92d 12

42

¢ (isopiestic) (1)

¢ (isopiestic) 1

¢ (isopiestic) 1, n.a.

¢ (isopiestic) 0

¢ (isopiestic) 1

¢ (isopiestic) 1, n.a.

¢ (isopiestic) n.a.

¢ (isopiestic) n.a.

¢ (isopiestic) n.a.

¢ (isopiestic) 0
¢(hygro.) 0
o (v.p.) 0
¢ (v.p.) (1)
¢ (v.p.) )
o (v.p.) 0
¢ (v.p.) (0)
p(vp) (0
¢ (e.d.b.) n.a
o (f.t.) n.a
o (f.t.) n.a
é(f.1) n.a
é(f.1) 0

Robinson et al., 194218

Stokes and Robinson, 1949°3
Biggset a., 195519

Platford, 197120

Y akimov and Guzhavina, 197121
Kimmel and Wilde, 197922
Sadowska and Libus,198223
Todorovic and Ninkovic, 199224
Todorovic and Ninkovic, 199525
Todorovic et al., 109826
Chernykh et al., 199827

El Guendouzi and Marouani®
Ewing et al., 193428

Ewing et al., 193428

Wexler and Hasegawa, 195429
Mashovets et al., 196630
Apelblat, 199232

Apelblat and Korin, 199833

Ha and Chan, 199954

Jones and Pearce, 190734

Jones and Stine, 190835

Rivett, 191236

Ewing et al., 193337



0.00016-0.1¢  298.15 34 AdiiHm 1 Lange and Streeck, 193138

0.00032-0.1¢  288.15 25  AdiiHm n.a Hammerschmid and Lange, 193139
0.474-4.514 298.15 10 Ly 0 Ewing et al., 193428
0.0019-0.0196 298.15 11  AsoHm 0 Milonjic et al., 197840
0.215-2.921 298.15 15" ¢, 0 Drakin et al., 196741
0.03774-0.2455. 298.15 8 o, 1 Spitzer et al., 197942

a Abbreviations used for the experimental methods are: ¢ (isopiestic) denote osmotic
coefficients calculated from isopiestic equilibrium moldities, ¢(hygro.) denote osmotic
coefficients determined by the hygrometric method, ¢(v.p.) denote osmotic coefficients
calculated from direct vapor pressure measurements, ¢ (e.d.b.) denote osmotic coefficients
derived from electrodynamic balance measurements, ¢(f.t.) denote osmotic coefficients at the
“freezing temperature” of the solution in equilibrium with H,O(cr), AgiiHm denote enthal pies of
dilution, L, denote relative apparent molar enthal pies derived by the authors from enthal py of
solution measurements, AgoHm denote enthalpies of solution, ¢ denote massic heat capacities
measured with “batch” calorimetry, and o, denote volumetric heat capacities measured with a
Picker-type flow calorimeter. The isopiestic reference standards used are described in the text.
bThese arethe relative weights assigned to each thermodynamic property value from that
study. One experimental value of ¢ from the study of Platford?0 for a dightly supersaturated
solution was assigned zero weight in the model fits, m=5.071 mol kg1 with ¢ = 2.4286, since
this ¢ value is about 0.03 high compared with other experimental results at high molalities.
Weights given in parentheses pertain to fits of the water activities of saturated solutions as a
function of temperature with eq (25), whereas weights not in parentheses pertain to model fits
to evaluate the parameters of Pitzer's standard model or Archer’s model. The notation n.a. (for
“not analyzed”) is used for several of the isopiestic studies involving KNO,(aq),24-26
Mg(ClO,),(ag),% MgCl (ag),2? and Ca(NO,),(ag)? as the isopiestic reference standards, which

we did not reanalyze because the osmotic coefficients of these non-traditional reference
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standards are not sufficiently well characterized. However, we did reanayze the remaining
measurements of Sadowska and Libus23 and of Platford,2 that were made using the traditional
standards KCl(aq) or CaCl (aq), respectively. The freezing temperature depressions of Rivett36
and of Jones et al.34:35 are not completely consistent, but it was not possible to assess which of
these studiesis more reliable.

“m(sat.) denotes the molality of the saturated solution at the experimental temperatures.
Although the vapor pressures of the solutions were measured, the molalities of these

saturated solutions were not measured or reported.

¢ Seven experiments were made for saturated solutions involved Mg(NO,),-2H,0(s) as the
solid phase.28 Twenty nine additional vapor pressure measurements involved solutions

with Mg(NO,),-6H,0(s) as the solid phase, but only the 8 experiments on the ascending
solubility branch were reanalyzed. Freezing temperature measurements were also

reported by Ewing et al.,37 at various temperatures, for solutions with several different
Mg(NQ,),-xH,O(s) as the equilibrium solid phases, wherex =9, 9 + 6, and 6.

° The concentrations of this study were reported in units of mol-L-1. Their 34

experiments of Lange and Streeck38 involved 10 unique combinations of the initial and

final concentrations and of Hammerschmid and Lange3® involved 8 unique combinations

of theinitial and final concentrations.

" Duplicate or triplicate heat capacity measurements were made at each of seven unique
molalities. One of the three values at the highest molality of 2.921 mol-kg~2 reported in

the English language version of thisjournal, ¢, = 0.7074 cal-K-1.g~L, is presumably a
misprint for 0.7374 cal -K-1.g1.
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Table 2. Parametersand Standard Errorsfor Pitzer'slon-Interaction Model and
Archer’s Extended Model Applied to Mg(NO,),(aq), and Debye-Hulckel Limiting
Law Slopesat T =298.15 K, Wherem®° =1 mol-kgtand T°=1K

Parameter Parameter ValueaP Parameter Parameter VaueP
By () 0303227  fux (M) 0.306 728
By (m°) 1423501 [y (m°) 1.257 451
Cuy (M°)? ~1.009 82:10° Cyy ()2 ~3.32923.10°
Cuy (m*)2 0,863 310
o (m®)V2 1.55 o ()12 1.55
o, (m°)Y2 35
Ag(m®)V2 0.391475  Ag(m°)Y/2 0.391 475
(o) 0.003 49 (o () 0.003 57
(@B 1oT)p(meT°) —4.06307-10° (@f4y % [6T)p(m°T°) -9.08354-10°
@By 1oT)p(neT°) 5.008 29-10° (8/y'x [oT)p(m°T°) 1.642 25.10°

@Cu Op((M)T}  237393.10% (OC2/OTp{(M)'T} 3545 86.10°
@CH 1eT)p{ ()T} 0.204 013

(@ hax PTIR(M)T)} 1216 1510° (@ fux 0T (M)(T)} 8,733 90-10°
@ Bus 10Tl (M) (T°)}  —2.32288.10% (8B 6Tl (M)(T)}  1.37229.10°

(@ Cux [6T)p(MT?)  _1.05511.10* (B°Cyyx /6T)p(MT?)*  _1.140 06-10™
(@°Chx [6T)p(m°T°)’ 2.925 40-10°*

C; ,/3K-L-mol-1 _158.74¢ C; ,/3K-L-mol-1 _158.74¢
AH/RT 0.801844  AW/RT 0.801844
Ac/R 383602  ACR 3.836 02
O,e(AditHm)/Jmol -1 16.9 0, (AgitHm)/J-mol-L 17.3

0,(C, )IJK=1-mol-1 0.44 0,(C, )IJK=1-mol-1 0.51

aThevduesof g, (), 0, (AdiHm), and g, (C,,) are unweighted root mean square

deviations. The maximum molality to which these parameters apply at 298.15 K is5.123
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mol kg~ for ¢, 0.1007 mol kg for L4, and 0.2455 mol-kg- for C, . For these model
coefficient evaluations, 98 values of ¢, 34 values of AgjHm, and 8 values of C , were
used.

b For fits to obtain the parameters of the standard Pitzer model with the traditional value
o, (M°)V2 = 2,0, we obtain A} (m°) = 0.328 601, /3, (m°) =1.915 868, CY¥; (m°)2 = —

6.353 68-10°, (0 455 10T)p(M°T°) = -5.838 99-10°, (0 453 10T)p(m°T°) = 1.325 06-10°,
@CE1T)p{ (MP)*T°} = 3.074 17-107, (8 Sy » 10T)p{ (M°)(T°)} = —1.199 28-10°,
(@SR 10T)p{ (M®)(T°)7} = 6.160 65-10°°, and (5°CYs I0T")p(m°T°)” = —1.004 60-10°*,
with o (¢, Pitzer) = 0.008 30. For fits to obtain the parameters of the Archer model with
the traditional value o, (m°)Y2 = 2.0 and optimized o, (m°)¥2 = 2.0, we obtain A% (m°) =
0.302 609, £33 (M°) = 1546 012, C7y” (m°)2 = -9.781 81-10°, C\’ (m°)2 = 0.327 496,
@I IOT)p(m°T°) = —=1.759 45-10°7, (8553 10T)p(m°T°) = 2.067 71-107,

@CI 1T p{ (MP)*T°} =—2.125 46-10°7, (6C\y2 16T)pf (M°)°T°} = 9.008 17-10°7,

@ BER1OT)p{ (M°)(T°)F = 6.097 75-10°, (8 1y 10T)pf (MP)(T°)’} = —6.862 61107,

(@ CoR 10T)p(MPT°)? = —6.176 06-10°°, and (5°Cyy 10T)p(MPT°)? = 2.243 49-10°, with
o,. (¢, Archer) = 0.003 51.

¢ Thisvalue was fixed at the sum of the recommended ionic standard partial molar heat

capacities from Table I of Criss and Millero.54
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Table 3. Smoothed Valuesof ¢, aw, 7, Ly, and C 4 for Mg(NO,)(aq) at 298.15 K
and at Selected Molalities, Using the Second Set of Parametersof Table 2 for the

Three Parameter Standard Pitzer M od€

m ¢ ay 2 % Ly Coo

(mol-kg™) (JmolY)  (IJK-1mol-1
T=298.15K

0.01 0.9046 0.999511, 0.7235 792 -144.4

0.02 0.8829 0.999046  0.6577 1031 -139.3

0.05 0.8594 0.997680 0.5704 1410., -129.8

0.1 0.8538 0.99539% 0.5131 1640 -119.6

0.2 0.8682 0.990659 0.4720 -106.4

0.3 0.8904 0.985667  0.4593

04 0.9148 0.980418 0.4576

0.5 0.9402 0.974913 0.4618

0.6 0.9664 0.969 15 0.4700

0.7 0.9931 0.963 13 0.4812

0.8 1.0204 0.956 84 0.4949

0.9 1.0483 0.950 29 0.5109

1.0 1.0766 0.943 47 0.5291

12 1.1346 0.929 06 0.5715

14 1.1944 0.913 59 0.6222

16 1.2555 0.897 12 0.6815

18 1.3179 0.879 67 0.7502

2.0 1.3813 0.861 30 0.8292

25 1.5430 0.811 82 1.080

3.0 1.7079 0.758 12 1.427

3.5 1.8742 0.70151 1.902

4.0 2.0407 0.643 29 2.553

4.5 2.2068 0.584 67 3.440

4.9925b 23692 0.527 68 4.626

5.0 2.3717 0.526 82 4.645

5.123 2.4120 0.512 82 5.004

aThe values of a,, are reported to the minimum number of figures required to reproduce

the tabulated values of ¢ to < 0.0001. P Selected molality for the saturated solution.
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FIGURE CAPTIONS

Figure 1. Osmotic coefficients ¢ of Mg(NO,),(aq) at T = 298.15 K. ——, smoothed
values from three-parameter standard ion-interaction model (Pitzer model) using the
second set of parameters from Table 2. Experimental values: 4, Robinson et al.18 with
KCl(ag) asreference standard; @, Biggs et a.1° with CaCl (aq) asreference standard; A,
Platford?0 with CaCl (aq) as reference standard; B, Kimmel and Wilde22 with NaCl(aq)
asreference standard; O, Kimmel and Wilde22 with CaCl (ag) as reference standard; A,
Sadowska and Libus23 with KCI(ag) as reference standard.

Figure 2. Root mean square deviations for standard Pitzer and Archer models for
Mg(NO,),(ag) at T =298.15K. a) Vauesof o, (¢, Pitzer) asafunction of o, ; b) values

of o,.(¢, Archer) asafunction of w,, plotted at various fixed values of a.;; c) values of
o,..(¢, Archer) asafunction of , when o, = 1.55 kg“>mol™'2; d) values of o, (¢,

Archer) asafunction of o, when o, = 3.5 kg"2-mol™/2,

Figure 3. Deviations of the critically-assessed experimental osmotic coefficientsat T =
298.15 K for Mg(NO,),(aq), as afunction of the ionic strength, from the three-parameter
standard ion-interaction model (Pitzer model), using the second set of parameters from
Table 2. Experimental values. 4, Robinson et al.18 with KCl(aq) as reference standard;
@, Biggs et al.1° with CaCl (aq) as reference standard; A, Platford20 with CaCl (aq) as
reference standard; M, Kimmel and Wilde?2 with NaCl(aq) as reference standard; [,
Kimmel and Wilde?2 with CaCl (aq) as reference standard; A, Sadowska and Li bus 23

with KCl(aq) asreference standard.

Figure 4. Relative apparent molar enthalpies L, of Mg(NQO,),(ag) at T =298.15K,

plotted against the ionic strength. ——, smoothed values from the three-parameter
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standard ion-interaction model (Pitzer model) using the second set of parameters from

Table 2: A, Lange and Streeck;38 ¢, Ewing et a.28

Figure 5. Apparent molar heat capacities C  of Mg(NO,)(ag) at T =298.15K, plotted
against the ionic strength. ——, smoothed values from the three-parameter standard ion-

interaction model (Pitzer model) using the second set of parameters from Table 2.

Experimental values: @, Drakin et al;4! A, Spitzer et al.42

Figure 6. Deviations of the critically-assessed experimental enthalpies of dilution of
Mg(NQO,),(ag) at T = 298.15 K, as a function of the ionic strength of the initial solution,
from the three-parameter standard ion-interaction model (Pitzer model) using the second

set of parameters from Table 2. A, Lange and Streeck.38

Figure 7. Deviations of the critically-assessed experimental apparent molar heat
capacitiesC, of Mg(NO,),(ag) at T =298.15 K, asafunction of the ionic strength, from
the three-parameter standard ion-interaction model (Pitzer model) using the second set of

parameters from Table 2. A, Spitzer et al .42

Figure 8. Variation of the values of a (sat.) as afunction of the temperature for
saturated solutions in contact with a solid phase of composition Mg(NO,),-6H,0(s). ——
smoothed values calculated from eq (25). Experimental values: 4, Ewing et al;28 A,

Wexler and Hasegawa;2° @, Stokes and Robinson.>3
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